Abstract. The effect of the North Atlantic Ocean on the Greenland Ice Sheet through submarine melting of Greenland's tidewater glacier calving fronts is thought to be a key driver of widespread glacier retreat, dynamic mass loss and sea level contribution from the ice sheet. Despite its critical importance, problems of process complexity and scale hinder efforts to represent the influence of submarine melting in ice sheet-scale models. Here we propose parameterizing tidewater glacier terminus position as a simple linear function of submarine melting, with submarine melting in turn estimated as a function 5 of subglacial runoff and ocean temperature. The relationship is tested, calibrated and validated using datasets of terminus position, runoff and ocean temperature covering the full ice sheet and surrounding ocean from the period 1960-present. We demonstrate a statistically significant link between multi-decadal tidewater glacier terminus position and submarine melting and show that the proposed parameterisation has predictive power when considering a population of glaciers. An illustrative 21st century projection is considered suggesting that tidewater glaciers in Greenland will undergo little further retreat in a low 10 emissions RCP2.6 scenario. In contrast, a high emissions RCP8.5 scenario results in a median retreat of ∼6 km, with 35% of glaciers experiencing retreat exceeding 10 km. Our study provides a long-term and ice sheet-wide assessment of the sensitivity of tidewater glaciers to submarine melting and proposes a practical and empirically validated means of incorporating ocean forcing into models of the Greenland ice sheet.
significant relationship between terminus position and submarine melt at the ice sheet scale, and to calibrate and validate the retreat parameterisation. We apply the parameterisation to generate 21st century retreat projections driven by climate forcing from a single climate model. The resulting parameterisation is the standard approach which has been recommended to ice sheet modelers taking part in the Ice Sheet Model Intercomparison Project (ISMIP6, Nowicki et al., 2016) , which aims to produce sea level projections for Greenland for the coming 6th Assessment Report of the Intergovernmental Panel on Climate Change 5 (IPCC AR6).
Methods

Retreat parameterisation
We draw on detailed modeling of submarine melting at tidewater glacier calving fronts, together with the observation that tidewater glacier retreat is most frequent in the summer when plumes are active, to suggest estimating submarine melting at TF, where Q is the summer (June-July-August) mean subglacial runoff. TF is the ocean thermal forcing (the temperature of ocean waters above the in-situ freezing point), typically considered homogeneous across an individual calving front and sampled at the grounding line depth or averaged over the deeper part of the water column (Jenkins, 2011; Xu et al., 2013; Sciascia et al., 2013; Cowton et al., 2015; Slater et al., 2016; Rignot et al., 2016) . The inclusion of runoff Q represents the process understanding that plumes become more vigorous and drive more submarine melt as subglacial 
The approach is similar to that proposed in Cowton et al. (2018) , which suggesting parameterizing change in terminus 20 position as dL/dt ∝ d/dt (Q TF). The present study builds on their results by significantly expanding the temporal and spatial calibration and validation of the retreat parameterisation, by quantifying the uncertainty associated with the parameterisation, and by providing forward projections.
We develop and test our parameterisation as follows. First, past observations or reconstructions of terminus positions, runoff and ocean temperatures are used to validate and calibrate the parameterisation (Fig. 1 ). These observations span the time period 1960-present; while we do have terminus position records from well before 1960, the subsurface ocean data coverage pre-1960 is very limited, so that we considered our estimates of ocean thermal forcing to be reliable only post-1960. In order to reduce the temporal bias in the dataset (i.e., more recent years having more terminus positions), and to bring all datasets onto a common time axis, throughout this paper we bin the terminus positions, runoff and ocean thermal forcing into 5-year time periods. This also acts as a form of low-pass filter, removing short-term variability which is not important to the longer-term trends which 30 we aim to capture. Following this exercise, which provides a probabilistic range of values of the sensitivity parameter κ, future Figure 1 . Schematic of approach taken in this study. We use observations/reconstructions of past terminus position, subglacial runoff and ocean temperature to calibrate and validate a simple parameterisation for tidewater glacier retreat. We use the resulting parameterisation, together with projections of future subglacial runoff and ocean temperature, to project future terminus position.
glacier retreat can be projected with the use of climate model output to estimate the right hand side of the parameterisation (Fig. 1 ).
Past observations
Terminus positions
Terminus positions are taken from a number of published sources (Fig. 2, Table S1 , Andresen et al., 2012; Steiger et al., 2018; 5 Lea et al., 2014; Haubner et al., 2018; Catania et al., 2018; Cowton et al., 2018; Moon and Joughin, 2008; Joughin et al.; Bunce et al., 2018; Carr et al., 2017) . Broadly, these records can be organised into long records from a handful of individual glaciers, and shorter satellite-era records from almost all significant tidewater glaciers in Greenland (Figs 2a and 2b) . Thus the number of records from before 1992 is rather limited, while coverage from the year 2000 is nearly complete (Fig. 2c) . In total the dataset includes 191 of the 211 fastest flowing tidewater glaciers in Greenland identified by Rignot and Mouginot (2012) . We 10 believe that the records we have collated constitute the most complete such dataset to date. We removed 3 glaciers known to have persistent ice shelves (Peterman, Ryder and 79N) as the dynamics of ice shelf fronts differ from tidewater glaciers with approximately vertical termini. Processing and merging of the terminus positions into a common dataset is described in the supporting information.
Runoff
15
Runoff for each of the 191 tidewater glaciers is estimated using the regional climate model RACMO . The runoff dataset is statistically downscaled to 1 km from the output of RACMO2.3p2 at 5.5 km horizontal resolution. Compared 
Ocean temperature
Subsurface ocean temperatures around Greenland (Fig. 3) come from the Hadley Centre EN4 dataset version 4.2.1 (Good et al., 2013) . We use the EN4 monthly objective analyses, which is a 1 degree latitude by 1 degree longitude gridded product of temperature and salinity formed from oceanographic profiles. The dataset covers the period 1900 to present at monthly intervals, though profile data is limited in the early part of the time series and in the northern half of Greenland, so that as 5 already described we only consider the time period 1960-present. We calculate gridded depth-variable ocean thermal forcing The ocean forcing felt by tidewater glaciers is related to, but not the same as, the ocean forcing available on the continental shelf and in the ocean basins around Greenland. In particular, offshore warm deep waters and their seasonal cycle are modified by fjord circulation processes before reaching calving fronts (Straneo et al., 2011; Mortensen et al., 2011; Jackson et al., 2014; Gladish et al., 2015b) . While rapid progress has been made in understanding fjord circulation and in mapping fjord bathymetry,
we as yet lack the simple parameterisations and complete datasets required to include fjord effects in this study. As such, we 5 here depth-average the thermal forcing between 200 and 500 m, this being the characteristic grounding line depth range of Greenlandic tidewater glaciers (Morlighem et al., 2017) . We also average over each year and spatially average over defined sectors ( Fig. 3) to give a thermal forcing TF per year and per sector to be used as a proxy for the thermal forcing felt by tidewater glaciers. The use of sector averages means that every glacier in a given sector experiences the same thermal forcing, and is justified at present by the sparsity of oceanographic data available around Greenland and our inability to account for the 10 effect of individual fjords.
Sectors are chosen as a compromise between oceanic basins ( Fig. 3a) , ocean temperature gradients (Fig. 3b) , and ice sheet drainage basins, where the boundaries are similar to previous studies (Shepherd et al., 2012; Mouginot et al., 2019) . We thus have sector boundaries over Davis Strait, Nares Strait and Fram Strait, and we separate the Irminger Sea from the Labrador Sea with a boundary close to Cape Farewell (Fig. 3a) . We separate west Greenland from north-west Greenland due to the large 15 meridional temperature gradient in Baffin Bay (Fig. 3b) . Finally, we create a small central-east Greenland sector which includes the whole Denmark Strait region; from the ocean perspective it would be desirable to instead place a sector boundary on the Denmark Strait, but extending this boundary onto the ice sheet is awkward due to the presence of Kangerdlugssuaq Glacier.
We extended the ocean sectors beyond the continental shelf towards the centre of the ocean basins because oceanographic data coverage improves significantly beyond the shelf (Figs. S3 & S4); we note however that the thermal forcing obtained is not
20
sensitive to the exact definition of this boundary.
Future climate forcing
To generate projections of 21st century terminus position, estimates of future subglacial runoff and ocean thermal forcing are required ( Fig. 1 ). These are estimated using the global climate model MIROC5 (Watanabe et al., 2010) under a low (RCP2.6) and a high (RCP8.5) greenhouse gas emissions scenario. We emphasise that these projections are intended as an illustration 25 for a single model rather than a rigorous result, as global climate models can differ significantly in their projected ocean and atmospheric warming (e.g. Yin et al., 2011) .
Ice sheet surface mass balance is generally included in only a basic manner in global climate models, including MIROC5, and we therefore estimate future subglacial runoff Q using 1950-2100 simulations in the regional climate model MAR, forced at its boundaries by MIROC5 (Fettweis et al., 2013) . With respect to MAR simulations performed in Fettweis et al. (2013) ,
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the latest version of MAR (3.9.6) is used here at a resolution of 15 km. The outputs were furthermore downscaled to 1 km to better account for subgrid-scale topography (Franco et al., 2012; Howat et al., 2014) . Finally it should be noted that the MAR simulations use a fixed present day topography which is acceptable to 2100 according to Le clec'h et al. (2019) . Surface melting from MAR is summed over each of the tidewater glacier drainage basins (Fig. 2d) to give a subglacial runoff time (Fig. 3) . The time series are bias corrected per glacier (for runoff) and per sector (for ocean thermal forcing) to ensure they are consistent with observations in the present day, ensuring the transition from past to future climate forcing is continuous (Appendix A). 
Statistics
We assess the statistical significance of relationships between 5-year binned terminus position and parameterised submarine melt rate as follows. Since trends exist in both time series which could lead to spurious correlation, the time series are first detrended by subtracting a linear trend in time over the full length of the dataset (Santer et al., 2000; Hanna et al., 2013) .
Linear regression is then performed on the detrended time series to obtain a linear coefficient b and standard error s b . We 10 test whether b is significantly different from 0 by forming the ratio τ b = b/s b and performing a two-sided t-test on τ b with N degrees of freedom. To account for temporal autocorrelation in the time series, we reduce the degrees of freedom by defining
, where n is the number of values in the time series, and r 1 and r 2 are the lag one autocorrelation coefficients for the terminus position and submarine melt time series (Santer et al., 2000; Hanna et al., 2013) . If, following this procedure, we find b to be significantly different from 0 (say at the 5% level), this implies a significant relationship between 15 terminus position and submarine melt. In this study we apply this procedure to assess significance at both an individual glacier and Greenland-wide level.
Note that while we assess statistical significance using detrended time series, we assess the sensitivity κ of terminus position to submarine melt using the original (trended) time series. We consider this necessary because we wish to ensure that the parameterisation Eq. (1) 
Relationship between submarine melting and terminus position
We begin our analysis by examining two glaciers, Kangiata Nunata Sermia in SW Greenland and Store Glacier in CW Greenland, which exemplify the diversity of glacier response to submarine melting (Fig. 4) . The terminus of Kangiata Nunata Sermia was stable within ±500 m from 1960 until 2000, before undergoing a rapid retreat of 2 km followed by restabilisation (Fig. 4a) .
Subglacial runoff has increased steadily since 1980 (Fig. 4b) after approximately 20 years of colder conditions (Fig. 4c ). Submarine melting (Fig. 4d) , combining runoff and thermal forcing, was stable from 1960 to 1995 before a rapid increase until 2010 and a small decrease since. There is a statistically significant relationship between terminus position and submarine melt rate (p = 0.02) with variability in submarine melting explaining 83% of terminus position change and a sensitivity coefficient κ = −0.11 (Fig. 4e ).
Store Glacier has in contrast remained stable since at least 1970, with a very moderate retreat of a few hundred metres in the 1990s (Fig. 4f) . Subglacial runoff has also increased steadily until the past few years ( Fig. 4g ) and ocean temperatures in CW
5
Greenland show an increasing trend throughout most of the period (Fig. 4h ). Estimated variability in submarine melting ( Fig. 4i) explains only 29% of terminus position change (Fig. 4j ). The estimated sensitivity coefficient is κ = −0.01, suggesting that Store Glacier is relatively insensitive to submarine melting, a conclusion previously attributed to the particular bed topography of the glacier (Morlighem et al., 2016; Todd et al., 2018) . Unsurprisingly therefore, the relationship between submarine melting and terminus position is not found to be significant at Store Glacier.
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This procedure can be repeated for every glacier around the ice sheet ( of terminus position change at 105 glaciers ( Fig. 5b ), but the relationship is statistically significant at the 5% level at only 18 glaciers ( Fig. 5c ). Finally, although we do have several glaciers for which the regression is performed on a record longer than 5 50 years, for the majority of glaciers the length of record is less than 30 years ( Fig. 5d ). This results from a combination of lack of terminus positions before the satellite era and the sparsity of ocean data until the past few decades.
We examine sector-to-sector variability in sensitivity to submarine melting by conducting the same analysis for each sector separately (Fig. 6 ). The five more southerly and easterly sectors (SE, SW, CE, CW and NE, see Fig. 3b ) show remarkably similar sensitivity of terminus position to submarine melting, as indicated by similar distributions for κ (Fig. 6a) . The most northerly 10 and westerly sectors (NW and NO) show distributions with peaks shifted to more negative κ values and have longer tails reaching out to larger negative κ values, indicating that these sectors show higher sensitivity of terminus position to submarine melting. We test whether the sector-specific κ-distributions are significantly different using a two-sample Kolmogorov-Smirnov test (Fig. 6b) . At the 5% level, the far north sector (NO) is indeed statistically different to all sectors but the north-west (NW), while the north-west sector (NW) is statistically different to all sectors but the far north (NO) and north-east (NE).
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Considering all glaciers together by plotting 5-year binned terminus position anomaly versus submarine melt anomaly (Fig. 7a) , variability in submarine melting explains 23% of change in terminus position over all glaciers with a best fit linear coefficient κ = −0.22. The relationship is statistically significant (p < 0.01) after detrending and accounting for autocorrelation, and remains so if points lying more than 2 standard deviations from the trendline are removed (Fig. 7b) . A value p < 0.05 indicates a significant difference between sector distributions in (a), and thus a significant difference in sector sensitivity to submarine melting. Our analysis therefore shows that there is a statistically significant relationship between submarine melting and terminus position at the ice sheet scale, and at a minority of individual glaciers. Similarly, the proposed retreat parameterisation is able to explain a substantial portion of observed terminus position change at the ice sheet scale and at a majority of individual glaciers.
Together with process understanding linking submarine melting to glacier dynamics, this analysis supports our proposed parameterisation. We note however the substantial proportion of terminus position change which is not explained by submarine 5 melting (77% at the ice sheet scale, Fig. 7a) , and the wide range of observed glacier sensitivity to submarine melting at both and individual and regional level (Figs. 5a & 6a ). As such, we expect that the proposed retreat parameterisation should be able to predict the magnitude of retreat of a population of glaciers in response to climate change, but may perform poorly at an individual glacier level.
Validation of the retreat parameterisation
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Given the observed sensitivity of tidewater glaciers to submarine melting ( Fig. 5a ), there are a couple of ways in which the retreat parameterisation Eq.
(1) could be employed. One method would be to project retreat for each glacier using the specific value of κ obtained from the history of that glacier. Thus for Kangiata Nunata Sermia we would use κ = −0.11 (Fig. 4e ) and
for Store Glacier we would use κ = −0.01 (Fig. 4j ). Under this approach we would be conditioning each glacier to behave in a similar fashion as it has in the past, so that Kangiata Nunata Sermia would retreat significantly under an increase in submarine 15 melt while Store Glacier would retreat only slightly. This approach might be considered desirable in some circumstances for some time period; for example it is thought unlikely that Store Glacier will retreat significantly in the next few decades (Morlighem et al., 2016) .
In general, however, we do not think this is the best approach for centennial timescale projections due to the individuality and intermittency of glacier response to climate. A certain glacier might appear highly sensitive to melting (with a corresponding 20 high value of |κ|) because it has retreated through an overdeepening during the period of observation. It might now have stabilised on a bed rock ridge, so that retreat over the next few decades will be much slower than in the recent past, and the high value of |κ| would therefore overpredict retreat. Equally, Store glacier may at some point over the next century begin rapid retreat, but if we tune the parameterisation to its past behavior this will not be projected. Similarly, one could consider employing a sector-specific value for κ (Fig. 6a ), but this suffers from similar limitations. The value of κ becomes more 25 influenced by individual glaciers as the training dataset shrinks (SW has only 9 glaciers and NO has only 12), and thus the future projections become heavily influenced by how individual glaciers have behaved in the past.
Here, we view the distribution of κ as a property of the population of tidewater glaciers in Greenland, encompassing the diversity of glacier behavior and response to climate over the recent past and over the full ice sheet. If we were to apply the retreat parameterisation Eq. (1) with κ sampled from the distribution shown in Fig. 5a , then we are conditioning a glacier to 30 behave in the future as the population of glaciers has in the past, rather than as that individual glacier has in the past. In this way we capture the possibility that a glacier will be rather insensitive to climate forcing (because some other glaciers in Greenland experiencing similar climate forcing in the past have retreated only slightly) and the possibility that it will be very sensitive (because some other glaciers have retreated dramatically under similar forcing). Under this sampling approach, we cross-validate the parameterisation by separating the dataset into training data, on which the parameterisation is calibrated as in Fig. 5a , and test data, on which we test the calibration. This allows the parameterisation to be evaluated by seeing how well it captures observations of retreat when these observations have not been used to calibrate the parameterisation. We consider retreat between 1995-2005 and 2005-2015 as this time period is well-covered by observations (Fig. 2c) . We calculate the mean terminus position in observations for the two time periods and take the difference to give an 5 observed retreat. We project retreat by sampling κ from its distribution and, according to Eq. (1), multiplying by the difference in submarine melting between the two time periods. Since Eq. (1) is linear in κ, the distribution of projected retreat is the distribution for κ, scaled by the submarine melting anomaly. ∆L < 0 indicates retreat. In (a) and (b) we select two glaciers at random to be the test dataset and calculate the distribution for κ (as in Fig. 5a ) based on all of the remaining glaciers. As described in the text we use the distribution for κ to generate projected retreat. In (a) we compare the distributions of observed (blue) and projected (red) retreat. In (b) we plot observed versus projected retreat, where the projection uses the median and interquartile range of the κ distribution. (c) and (d) are the same but select 10 glaciers at random, while (e) and (f) select 50 glaciers at random.
The result of this procedure for varying choices of training and test data is shown in Fig. 8 . We consider first a test dataset of 2 randomly chosen glaciers, leaving 189 glaciers in the training dataset. The distributions of observed and projected retreat are 10 shown in Fig. 8a (we obtain the observed distribution as a kernel distribution with bandwidth 0.25 km). It is clear that the two distributions do not agree well, a fact which is further illustrated in Fig. 8b -the retreat parameterisation significantly underestimates retreat for one of the glaciers and slightly overestimates retreat for the other. Increasing the size of the test dataset to 10 randomly chosen glaciers (leaving 181 in the training dataset) results in an improved agreement between observations and projections, illustrated by increased overlap in the observed and projected distributions (Figs. 8c & 8d) . Once the size of the test 15 dataset is increased to 50, agreement between the observed and projected distributions is very good. There remain individual glaciers for which the parameterisation performs poorly (Fig. 8f) , but the distributions are in very good agreement (Fig. 8e) .
These exercises validate the application of the retreat parameterisation when κ is sampled from its distribution. They show that given a sufficiently large dataset on which to calibrate the parameterisation, we are able to successfully predict the retreat (Figs. 8e & 8f) . Although this sampling approach results in a large range of projected retreat for each individual glacier, it is more honest to the diversity of glacier response than using a single value of κ for each glacier.
Having justified, calibrated and validated the retreat parameterisation, we now proceed to project retreat over the 21st century. 
Projected 21st century tidewater glacier retreat
To demonstrate the use of the parameterisation we consider projected tidewater glacier terminus position change over the 21st 5 century under RCP2.6 and RCP8.5 scenarios in the climate model MIROC5 (Watanabe et al., 2010) . To illustrate the procedure, and to highlight spatial variability, we consider three example glaciers (Fig. 9 ), but once more emphasise the parameterisation is more suited to groups of glaciers, which are considered last of all.
All ice-ocean sectors show significant ocean warming in the MIROC5 RCP8.5 simulation (Fig. 9a) , though there is spatial variability with the far north (NO) showing the least warming by the end of the century (1.7
• C) and the north east (NE)
10
showing the most warming (3.9
• C), more than doubling the thermal forcing in this sector. Three example glaciers also show significant increases in runoff by the end of the century (Fig. 9b) . Runoff at Helheim glacier in SE Greenland, averaging TF, increases by a factor of 2 to 3 by the end of the century in an RCP8.5 scenario
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( Fig. 9c) . In contrast, the climate forcing experienced by tidewater glaciers is projected to change comparatively little under a low greenhouse gas emissions scenario RCP2.6 (not shown). Tidewater glacier retreat is then estimated by combining the submarine melt forcing for each glacier (e.g. Fig. 9c ) with the distribution of glacier sensitivity κ (Fig. 5a) . We choose to reference our retreat to the year 2014; thus we set L = 0 in 2014 for all glaciers, and any projected change ∆L is to be understood as relative to this baseline. As motivated in section 3.2, the linear coefficient κ is sampled 10 4 times from its distribution (Fig. 5a) , creating a distribution of projected retreat for each glacier (Fig. 10) . We do not expect tidewater glaciers would respond sufficiently rapidly to capture the high interannual variability 5 in the climate forcing, and we therefore smooth the projections using a centered 20-year moving average. Although this is a longer smoothing interval than the 5-year binning applied to the calibration datasets, it targets the century-scale trend which is the focus of this paper and current ice sheet modeling efforts. Three example glaciers are shown, but we emphasise that these projections suggest what would happen to a typical glacier experiencing the particular climate forcing of these glaciers, since glacier-specific factors will strongly modulate retreat. As described in the text, the projections have been smoothed using a centered 20-year moving average. The three projections on each plot show the 25th, 50th and 75th percentile retreat. In sum, we expect that a glacier experiencing the climate forcing of Helheim glacier has a 50% chance of experiencing retreat which falls into the shaded region in (a).
Given the important role played by glacier-specific features such as bed topography at individual glaciers, it is most appropriate to think of the projections in Fig. 10 as projections for an average glacier experiencing that particular climate forcing.
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Or more precisely, if there were many glaciers experiencing the same forcing as Helheim (Fig. 10c) , we would expect retreat for 50% of those glaciers to fall in the shaded region in Fig. 10a . With this caveat in mind, Helheim glacier has the largest projected retreat of the three example glaciers (Fig. 10a) because it experiences the largest increase in submarine melt (Fig. 9c ), due to a large increase in subglacial runoff (Fig. 9b ) and a smaller increase in thermal forcing (Fig. 9a) . The median retreat for
Helheim by 2100 is ∼17 km, with an interquartile range of 6-39 km. Significant retreat is not projected until after 2030 because 15 the period 2014-2030 is relatively cold in the MIROC5 RCP8.5 simulation (Fig. 9) , likely due to multidecadal variability in (Fig. 10c) because the absolute increase in melting is smallest (Fig. 9c) ; the median retreat by 2100 is ∼6 km while the interquartile range is 2-14 km. We then repeat this procedure for each of the 191 glaciers in our dataset and group the glaciers by ice-ocean sector to give probability distributions for projected terminus position change by 2100 for each sector under both RCP2.6 and RCP8.5 scenarios (Fig. 11) . Sector-to-sector variability in the projections arises both due to regional variability in projected climate and 5 the characteristics of glaciers in a sector, as larger glaciers tend to retreat further under our parameterisation. Under an RCP2.6 scenario, projected change is tightly clustered around 0 because MIROC5 predicts little warming of the ocean or atmosphere in this scenario (Fig. 11a) . For most regions, glacier advance (∆L > 0) is as probable as retreat, while in the CW and NW sectors retreat is more probable because MIROC5 does predict significant warming of the ocean in these regions (not shown). Under an RCP8.5 scenario, sector retreat distributions become much broader with much larger retreat much more probable (Fig. 11b) .
The distribution for the NW sector is fairly sharply peaked because this region has a large number of similar-sized glaciers, and in contrast the SW sector shows the broadest distribution because it has a small number of glaciers of diverse size.
At the ice sheet scale, projected terminus position change under RCP2.6 is sharply peaked around 0 with a median retreat of 0.2 km, indicating little change from present with a significant number of glaciers predicted to advance (Fig. 11c) . Thus under RCP2.6 we expect that 50% of glaciers in Greenland would undergo retreat of less than 0.2 km by the end of the century.
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There is a not insignificant tail of retreat greater than 3 km which is almost entirely due to significant ocean warming in the CW and NW sectors (Fig. 11a) , though this may be specific to the climate model MIROC5 (Yin et al., 2011) . Under RCP8.5 the distribution shifts leftwards and broadens significantly (Fig. 11c) . The peak of the distribution still occurs at a moderate retreat of only ∼1 km, because there are a large number of small tidewater glaciers in Greenland which typically show only small response to climate forcing. The median retreat is now 5.8 km; thus we are suggesting that 50% of glaciers will undergo retreat exceeding 5.8 km by 2100. The distribution also suggests that retreat by 2100 will exceed 10 km for 35% of glaciers, and will exceed 20 km for 19% of tidewater glaciers in Greenland under an RCP8.5 scenario.
4 Discussion 
Philosophy and interpretation of parameterisation
We have used past climate and terminus position observations and reconstructions, together with process understanding of submarine melting and tidewater glacier dynamics, to show there is a statistically significant relationship between tidewater glacier terminus position and estimated submarine melt. On this basis we have calibrated and validated a parameterisation in which tidewater glacier retreat is linearly related to submarine melting. The parameterisation is not intended to capture 10 short-term glacier-to-glacier variability in retreat rate, which is likely driven by bed topography or fjord dynamics. As such the parameterisation is essentially asking, given past climate and terminus position variability, and projected climate warming, how much should we expect tidewater glaciers to retreat? Our strategy emphasises distributions of retreat rather than individual glacier retreat trajectories.
We consider the existence of a statistically significant correlation between terminus position and parameterised submarine 15 melting to strengthen the argument for the importance of submarine melting, but it is not inconceivable that the retreat parameterisation might be inadvertently accounting for other drivers of calving. For example, the structural integrity of ice mélange and sea ice, thought to be important in some locations for inhibiting calving (Amundson et al., 2010; Christoffersen et al., 2012; Moon et al., 2015) , would likely be compromised by increased air temperature (and thus increased runoff Q) and increased ocean temperature (and thus increased ocean thermal forcing TF). Furthermore, because the ocean and atmosphere are 20 a coupled system, the time series of runoff Q and ocean thermal forcing TF are not necessarily independent, which further confounds the identification of the key processes driving ice sheet change.
One implication of the form we have assumed for the retreat parameterisation is that the terminus position is always in equilibrium with the climate, i.e. if the climate stabilises then the terminus position stabilises, and there is no continuing or lagged impact from past climate. The timescale of response of tidewater glaciers to climate is an ongoing topic of research,
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and through binning terminus positions and climate data in 5-year intervals, and by smoothing projections with a 20-year moving average, we have here implicitly assumed a terminus position response timescale of 5-20 years, which is supported by the observed rapid changes at tidewater glaciers in recent decades (Straneo and Heimbach, 2013) and by theory (Robel et al., 2018) . Stabilisation of the terminus position does not however imply stabilisation of mass loss, because thinning can propagate up-glacier for decades after terminus retreat (Price et al., 2011) and this would be captured by an ice sheet model employing 30 our retreat parameterisation. But a slower lagged response arising for example from atmospheric-driven thinning propagating down-glacier to the terminus and leading to frontal retreat (Robel et al., 2018) would not be captured by our parameterisation.
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Use of parameterisation
We envisage this retreat parameterisation and projections of retreat to be of use primarily to ice sheet modelers looking to simulate ice sheet response to outlet glacier retreat. The principal advantages of the parameterisation are its simplicity and its empirical validation, thus the critical interaction of the ice sheet with the ocean can be represented in a manner which is consistent with observations and scales well to practical applications. Such an approach is clearly very different in character 5 from simulations which explicitly try to resolve glacier frontal dynamics (e.g. Nick et al., 2013; Morlighem et al., 2016) ; indeed terminus positions in such studies typically jump quickly from one stable position to the next, while our projections instead give gradual retreat. The rapid transition between stable positions is evident in observations (e.g. Catania et al., 2018) , and certainly accurately projecting mass loss at individual glaciers and over short timescales means accurately modeling these transitions.
We posit however that imposing gradual retreat, as suggested here (e.g. Fig. 10 ) is a reasonable approach for capturing mass 10 loss at an ice sheet scale and over multidecadal timescales, especially since the timing of rapid terminus transitions is hard to capture.
Use of a retreat parameterisation does heavily parameterise tidewater glacier frontal processes, but we emphasise that it does not place any constraints on ice thickness or velocity at the ice-ocean boundary, which would still be calculated dynamically by the ice flow model. The total dynamic sea level contribution is then the sum of the ice above flotation removed by the retreat 15 parameterisation together with the inland propagation of thinning in response to retreat. The retreat parameterisation described in this paper is therefore the standard approach that has been recommended to ice sheet modelers simulating the future of the Greenland ice sheet in the ISMIP6 project (Nowicki et al., 2016) , the results of which will feed into sea level projections in the next IPCC assessment report. Specifics relating to ISMIP6 are detailed in Appendix B.
Comparison to existing projections
20
Few studies have projected tidewater glacier retreat for comparison to our projections. Nick et al. (2013) used a flowline model to project retreat for four of Greenland's largest glaciers under an RCP8.5 scenario. We compare projections in Fig. S5 ; for all glaciers the projections in Nick et al. (2013) lie within the interquartile range of our projections (though we do not consider Peterman glacier here as it has a persistent ice shelf). Taking Helheim glacier as an example, Nick et al. (2013) project retreat of 17-26 km between 2014 and 2100 while here we project a median of 17 km and an interquartile range of 6-37 km (Fig. 10) .
Another possibility would be to formulate a parameterisation for frontal ablation rate rather than retreat (the two being related by retreat rate = ice velocity -frontal ablation rate). A parameterisation for frontal ablation rate might be considered preferable because then, through an ice sheet model, the ice velocity is allowed to influence the terminus position -that is, one could capture the potential feedback where retreat is stabilised due to an increase in ice velocity. We have nevertheless chosen to form a retreat parameterisation for three key reasons. First, there is the pragmatic fact that a longer time series of terminus 5 positions is available than of frontal ablation rate. The latter requires ice velocity, which is in general hard to obtain before 2000. Second, because we are tuning our parameterisation empirically, the parameterisation in some sense includes all potential feedbacks, because these feedbacks will have been influencing the terminus positions which enter our calibration. Third, we note that Haubner et al. (2018) showed at Upernavik Isstrom that by imposing externally-specified terminus positions, it is possible to capture dynamic mass loss of the glacier behind, suggesting that specifying terminus position through a retreat 10 parameterisation is a feasible approach to modeling ice sheet dynamic response to climate.
We assess there to be three key areas in which the current parameterisation could be improved. Firstly, the huge importance of a handful of large glaciers to Greenland's sea level contribution (Enderlin et al., 2014) motivates the need for a retreat parameterisation which performs well at an individual glacier level rather than just over a population of glaciers. This requires consideration of bed topography and we therefore place high priority on exploring simple ways of including bed topographic 15 effects in a similar retreat parameterisation to that considered in this study, stabilizing glaciers on pinning points and promoting rapid retreat through overdeepenings. Secondly, more long-term observations would be hugely valuable for improving the calibration and validation of the parameterisation. Aerial photography (Bjork et al., 2012 ) is a promising source of longterm terminus position records, but long-term oceanographic observations are sparse; careful use of limited historical records or reanalysis products might prove fruitful. Thirdly, while we expect that our estimates of subglacial runoff Q entering the 20 parameterisation are accurate (e.g. Langen et al., 2015; Noël et al., 2018) , the thermal forcing TF is highly simplified and thus less certain, being based on spatial and depth averaging of ocean temperatures over the continental shelf and beyond. Through fjord dynamics and fjord-shelf exchange, thermal forcing at the calving front may differ from that on the continental shelf (e.g. Gladish et al., 2015a) , and may differ at adjacent glaciers (Bartholomaus et al., 2016) . There is therefore an urgent need for methods that can translate offshore ocean properties to calving front thermal forcing, and a pressing need for sustained 25 oceanographic observations with which to validate these models.
Conclusion
We have used surface melt output from a regional climate model, compilations of ocean temperature, and records of glacier retreat to examine links between parameterised submarine melting and tidewater glacier terminus position change since 1960
for 191 of Greenland's marine-terminating glaciers. We find a statistically significant relationship between parameterised sub-30 marine melt rate and terminus position at the ice sheet scale, and that variability in submarine melting can explain more than 50% of variability in terminus position at 105 of the 191 glaciers considered. On this basis, we develop a simple parameterisation relating tidewater glacier retreat to submarine melt anomaly, providing a method of capturing the critical interaction between the ice sheet and ocean, and the dynamic response of the Greenland ice sheet to tidewater glacier retreat, without the huge computational expense of explicitly resolving calving processes. The parameterisation is weakest when applied to an individual glacier over short timescales, when glacier-specific factors such as bed topography play a dominant role in determining whether, when, and how much a glacier will retreat in response to a climate 5 forcing. The parameterisation is strongest when applied to a population of glaciers, for example an ice sheet region when it provides an envelope of projected retreat given how sensitive tidewater glaciers have collectively been to climate forcing in the recent past.
We provide example projections under low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenarios using output from a single global climate model MIROC5. Since significant variability exists between climate models (e.g. Yin et al., 2011) , 10 these projections should be considered largely as an illustration. For the low emissions scenario, tidewater glaciers show, in general, little change by the end of the century. Under the high emissions scenario, ocean thermal forcing increases by 2-4
• C and subglacial runoff increases by a factor of 3-6 by 2100. In response, we project a median Greenland tidewater glacier retreat of 5.8 km, and suggest that 35% of glaciers will retreat more than 10 km, and 19% will retreat more than 20 km by the end of the century.
15
The analysis and parameterisation described in this study forms the standard method that has been recommended to ice sheet modelers taking part in the ISMIP6 project (Nowicki et al., 2016) , which aims to project sea level contribution from Greenland for the IPCC AR6. We believe that this simple process-motivated parameterisation will prove useful for the projection of dynamic mass loss from Greenland, and expect that it will be complemented by more complex approaches as our understanding and modeling and tidewater glacier dynamics continues to improve.
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Data availability. Terminus positions may be downloaded from https://nsidc.org/data/nsidc-0642/ (last access October 2018). All other terminus position and ice flux datasets may be requested from the sources summarised in Table S1 
where X is either runoff Q or thermal forcing TF, 'OBS' refers to either RACMO or EN4, and '1995-2014 ' means taking an average over this time period. As a result, the average of X(t) over the period 1995-2014 will agree with the 'observations' from RACMO or EN4 over the same time period. Biases are calculated per glacier for runoff and per sector for ocean temperature. projections. Thus the normalised bias, defined as the bias divided by the interannual variability, is typically less than 0.5 and therefore considered small. In contrast, typical ocean temperature biases are ∼0.5-1
• C compared to interannual variability of
∼0.2
• C in MIROC5, so that the ocean temperature bias corrections are significant.
Appendix B: ISMIP6 considerations
10
We consider how these retreat projections can best be implemented in the ISMIP6 process (Nowicki et al., 2016) . ISMIP6 is an international collaborative effort to run a suite of ice sheet models forced by a suite of climate models to estimate sea level contribution from the Greenland and Antarctic ice sheets for the coming Intergovernmental Panel on Climate Change Assessment Report (IPCC AR6). Further information may be found at http://www.climate-cryosphere.org/activities/targeted/ismip6. This study is relevant only for the ocean forcing aspect of Greenland ice sheet models. The ice sheet models taking part are diverse 15 in terms of the processes they can represent, the way they are initialised, and their spatial resolution (Goelzer et al., 2018) . One of the key challenges to meet then is to identify a method of implementing ocean forcing which works for every model in a consistent manner. The simplicity of the retreat parameterisation described in this study makes it ideal for this purpose, and it is thus the standard method recommended to ice sheet modelers taking part in the exercise.
The retreat parameterisation essentially provides time series of retreat that can be imposed on an ice sheet model. One 20 immediate difficulty is that the 'present day' state of the ice sheet can look very different in each ice sheet model taking part due to differing initialisation methods and resolutions; some models have 10% too much ice by volume in their initial state (Goelzer et al., 2018) . In order to avoid artificially high sea level contributions due to differences in model initialisation, we are proposing that the parameterised retreat be imposed relative to the initial extent of the ice sheet, rather than defining absolute ice sheet extent. We also need to define over what spatial scale the retreat parameterisation is defined -imposing glacier-25 specific retreat at individual glaciers might be desirable, but because the initial ice sheet extent is not the same in model and observation, it is not guaranteed that a model will have the same glaciers as reality. In particular, a model which has an initial ice extent which is too large, or a model which has low resolution, might have merged two glaciers which are distinct in reality.
Imposing retreat per glacier would require accounting for these situations dynamically as the ice sheet simulations progress. To remedy this, we suggest imposing the retreat parameterisation resolving only each ice sheet-ocean sector (Fig. 3) -this avoids 30 difficulties associated with differing ice sheet extent and is also more consistent with the focus on populations of glaciers rather than individual glaciers in this study.
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An immediate issue however, is that Greenland's sea level contribution, which is the ultimate goal of ISMIP6, may be dominated by a small number of large glaciers. These glaciers are likely to experience retreat which is larger than the median retreat per sector (Figs. 10 & 11) . Thus applying the median retreat per sector might systematically underestimate retreat for these large glaciers which matter the most for ice sheet mass change. For ISMIP6, we therefore propose to apply retreat which is an ice flux-weighted mean of the projected retreat for all glaciers in a sector. We therefore use the mean observed 2000-2010 5 ice flux (Enderlin et al., 2014; King et al., 2018) to provide weightings for the retreat projections for each glacier, so that the largest glaciers in each region are ascribed high relative importance. Specifically, we project retreat r j (t) for each individual glacier j by sampling from the κ distribution and combining κ with the submarine melt anomaly. We project the flux-weighted mean retreat R i (t) for each ice sheet-ocean sector i as
where f j is the observed mean 2000-2010 ice flux of glacier j, and the sum runs over every glacier j in the sector i. We repeat this procedure 10 4 times to generate an ensemble of projected retreats for each sector. We smooth the time series (as in Fig. 10) using a 20-year centered moving average, finally identify the 25th, 50th and 75th percentiles of the ensemble, and call these the 'low', 'medium' and 'high' projected retreat for each sector. 
